
NASA CR-797 

PARAMETRIC STUDY OF ADVANCED MULTISTAGE 

AXIAL-FLOW COMPRESSORS 

By M. L. Miller and A .  C. Bryans 

Distribution of this report is provided ir, the interest of 
information exchange. Responsibility for the contents 
resides in the author or organization that prepared it. 

Prepared under Contract No. NAS 3-7277 by 
ALLISON DIVISION 

General Motors 
Indianapolis, Ind. 

for Lewis Research Center 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
~ 

For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 22151 - CFSTl price $3.00 



c 

YhECWiNG PAGE BLANK NOT Fit!v’ivi;C. 

FOREWORD 

The research described herein, which was conducted by the Allison 
Division, General Motors, w a s  performed under NASA Contract NAS 3 -7277. 
The work was done under the technical management of Mr .  William L. Beede, 
Airbreathing Engines Division, NASA-Lewis Research Center, with 
Mr .  L. Joseph Herrig, Fluid System Components Division, NASA-Lewis 
Research Center, as research advisor. 
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ABSTRACT 

A pa rame t r i c  study of compresso r  design pa rame te r s  was made by 
analyzing nesults of compresso r  flow paths fo r  a 9.O:l overa l l  p r e s s u r e  
ra t io  and 12.  0-inch inlet  t ip  rad ius .  The flow paths were  computed on the 
basis  of s imple-radial-equi l ibr ium and f r ee  vortex design. Energy addi- 
tion was specified through ro tor  tip diffusion factor.  
fusion factor  is reduced i f  l imit  values were exceeded on s t a to r  hub Mach 
number,  s t a to r  hub diffusion factor  and rotor re la t ive exit hub flow angle. 
Ef fec ts  of independent pa rame te r s  defined a s  t ip  speed, ro to r  t ip  dif- 
fusion factor ,  axial  inlet  velocity, axial velocity ra t io ,  inlet  hub-tip 
rad ius  ra t io ,  s tage  efficiency and r a m p  angles were  evaluated. 

The ro tor  tip dif- 



PARAMETRIC STUDY OF ADVANCED 
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SUMMARY 

This technical report  presents the results of a parametric multistage 
compressor  study of which the pr imary objective is to indicate productive 
a r e a s  of study and research  development for increasing average stage pres-  
s u r e  ratio and reducing compressor  overall length. 
jective is to cor re la te  compressor  design independent parameters  and load- 
ing parameters  to show their  effects on average stage pressure  ratio and to 
present them in one compressor  design report for reference. 

The secondary ob- 

The parametr ic  study is based on simple-radial-equilibrium com- 
pressor  design philosophy with constant efficiency radially, free-vortex 
energy addition, and zero  whirl velocity into each rotor .  A compressor 
design computer program was specially devised for this study to com- 
pute compressor  flow paths with the f i r s t  rotor inlet conditions given in 
complete detail and also given are arbi t rary energy addition, tip speed, 
axial velocity out of each row, solidities, aspect ratios,  hub ramp angle 
l imits ,  and tip ramp angle limits. The compressor design program has 
the capabiiity of reduciiig aspect ra t io  from initial X z a l l A e s  i f  reqi-~ired to 
reduce the annulus a r e a  to satisfy continuity. 
energy addition from initial values i f  required to prevent stator hub dif- 
fusion factor, stator hub Mach number, or rotor relative hub exit flow 
angles f rom exceeding prescribed values. 
permits  the assessment  of the effects of design independent parameters  on 
average stage pressure  ratio and compressor length as restr ic ted by aero-  
dynamic parameter  and geometric limits. 

It a lso is capable of reducing 

This compressor  design program 

The design program was used i n  the parametric study by analyzing r e -  
sults of compressor flow paths for a 9.O:l  overall p ressure  ratio and 12. 0 -  
in. inlet radius. 
diffusion factors.  
as tip speed, rotor tip diffusion factor, axial inlet velocity, rotor  tip axial 
velocity ratio,  inlet hub-to-tip radius ratio, s tage efficiency, hub ramp 

Free-vortex energy addition was specified by rotor tip 
To study the effects of independent parameters  defined 

1 



angle, and tip ramp angle, three c lasses  of compressor  study w e r e  defined. 
Class I considered the effects of rotor  tip diffusion factor,  tip speed, axial 
inlet velocity, and stage efficiency without aerodynamic parameter limits. 
Class I1 considered the effects of rotor  axial velocity ratio where stage 
axial-velocity ratio was held constant a t  unity, tip speed, and stage effi- 
ciency with two levels of rotor tip diffusion factor and one se t  of aerody- 
namic parameter limits. Class  111 considered the effects of tip speed, 
axial inlet velocity, hub-to-tip radius ratio, hub r amp  angle, tip ramp 
angle, and stage efficiency with one se t  of aerodynamic parameter  limits. 

The principal resul ts  of this study a r e :  

1 .  Significant gains in  achieving higher average stage pressure  
ratio can be made by advancing rotor  t ip and stator hub dif-  
fusion factor technology and employing this capability with 
state-of-the-art technology of relative inlet Mach number 
(i. e . ,  tip speed) and stator hub Mach number. 

2. Significant gains in  achieving higher average stage pressure  
ratio can be made by advancing rotor relative inlet Mach num- 
ber technology and employing this capability with state-of-the- 
a r t  technology of rotor  tip diffusion factor,  stator hub dif- 
fusion factor, and stator hub Mach number. 

3 .  As rotor tip and stator hub diffusion factor technologies a r e  in- 
creased to higher levels, a condition w i l l  be reached wherein 
state-of-the-art s ta tor  hub Mach number technology must also 
be advanced. 

4. As rotor  tip and s ta tor  hub diffusion factor technologies a r e  
increased to higher levels, a condition w i l l  be reached 
wherein rotor hub turning past the axis w i l l  become crit ical  
for state-of-the-art tip speed. 
increases  in tip speed and relative Mach number technology. 

Further  advances w i l l  require 

5. A s  rotor axial velocity ratio is increased while maintaining 
unity stage axial velocity ratio,  s ta tor  hub diffusion factor and 
stator hub Mach number are increased significantly while 
rotor hub turning is approximately constant. 

6 .  Compressor overall length is primarily dependent on the 
number of stages and hence the average stage pressure  
ratio level for  a given overall p ressure  ratio. 

Compressor overall  length can be reduced significantly by ad- 
vancing compressor  design technology on radial  flow effects 
as a resul t  of higher hub and tip ramp angles. 

7. 
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INTRODUCTION 

The work reported herein was performed under contract NAS3 -7277 for 
the NASA-Lewis Research Center to make a parametric compressor study 
on advanced multist,age axial-flow compressors. The purpose of this study 
is to examine a wide range of design parameters to determine their effects 
on average stage pressure  ratio and compressor length and to indicate sig- 
nificant a r e a s  for study and research. 
completeness and generality has been published to define the design param- 
e te r  effects which would enable the determination of the significant a r eas  
for study and research.  A second purpose of this study, therefore, is to 
present the design parameter results i n  one compressor design report  for 
refer  e nc e. 

No previous work with sufficient 

To obtain the effects of the design parameters on average stage pres-  
s u r e  ratio and compressor length, it  was necessary to devise a compres- 
s o r  design program to compute the flow path for a rb i t ra ry  specified condi- 
tions. Since this program was  meant to be useful for  rapid and relatively 
inexpensive screening of designs and f o r  showing the effects of wide varia- 
tions in values of design parameters,  the simple -radial-equilibrium design 
philosophy was selected. 
selected also to avoid time consuming calculation and analysis of blade 
element losses  in the screening process. 

Constant polytropic efficiency radially was 
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SYMBOLS 

Note: The primary symbols a r e  i l lustrated schematically in Figure 1. 

P C 

D 

gc 

H 

J 

L 

M 

M 

n 

N 

P 

R 

RC 

R, 8, z 

T 

U 

V 

W 

aspect ra t io  

blade row axial length, in. 

constants in tangential velocity equation 

constant pressure  specific heat, BTU/lbm-"R 

diffusion factor 

gravitational constant, ft-lbm /lbf-s ec 2 

total enthalpy, BTU/lbm 

mechanical equivalent of heat, ft-lbf/BTU 

compressor length, in. 

Mach number 

molecular weight, lbm/mole 

stage number 

number of stages 

total pressure,  lbf /in. 

radius, in. 

total p ressure  rat io  

cylindrical coordinates 

total temperature "R 

wheel speed, f t / sec  

gas velocity, ft / sec  

flow rate,  lbm/sec 

2 
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Greek 

a 

P 

Y 

6" 

'I P R  

'IPS 

0 

P 

U 

Subs cript  s 

f 

H 

i 

n 

0 

ov 

R 

S 

T 

r amp  angle, degrees 

flow angle, degrees 

ratio of specific heats 

blockage factor 

polytropic rotor efficiency 

polytropic stage efficiency 

angular velocity, rad/sec 

gas density, lbm/ft3 

solidity (chord /spacing) 

fraction of stage 

hub 

inlet 

stage number 

outlet 

overall  

rotor  o r  radial direction 

stator 

tip 

axial direction 

rotor  inlet 

stator inlet 

tangential direction 

Super s c  ript  

I relative value 
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DESCRIPTION OF COMPRESSOR DESIGN PROGRAM * 

A brief description of the compressor design program (described in de- 
tail in Reference l)  is given here  to provide a better understanding of the 
analytical approach and of the resul ts  obtained. 
on simple- radial- equilibrium flow theory with constant efficiency radially 
(i. e . ,  zero entropy gradient). The basic equations of motion which lead to 
the simple- radial- equilibrium flow theory with constant efficiency radially 
have been derived in many reports  such as Reference 2. 
equations of motion are: 

The design program is based 

The resultant 

Continuity Equation 

PV, RdR i’ w = 2T 

RH 

Radial Equation of Motion 

Energy Equation 

The usual method of solution of this se t  of equations is to specify an  
efficiency or total p ressure  loss, flow path geometry, and energy addition 
through total enthalpy change o r  exit tangential velocity. With the blade 
row inlet conditions known, the exit velocity conditions a r e  then determined 
iteratively through EQuations (1) and (3). 

The objectives of this compressor  design program, however, a r e  (1) 
that the flow path of a compressor for a given overall  p ressure  ratio is 
determined, (2) that resultant aerodynamic parameters  (defined as stator 
hub Mach number, rotor relative hub exit flow angle, and stator hub dif- 
fusion factor) must be less than or equal to a specified value, and (3) that 
blade aspect ratio is equal to or  less than an  initial value as required by 
specified limit values of hub and t ip r amp  angle. 

To accomplish these objectives, i t  is required that energy addition be 

Once the energy 
determined through rotor tip diffusion factor, axial velocity ratio a t  the tip, 
and a specified form for tangential velocity distribution. 
addition has been determined, the blade row exit annulus area is determined. 
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With appropriate hierarchy established on the limit ramp angle, the exit 
annulus area can be located radially and the aerodynamic parameter values 
calculated. If the aerodynamic parameter limits a r e  exceeded, the rotor 
tip diffusion factor must be reduced to lower the aerodynamic parameter 
values. 

Rotor tip diffusion factor and tip axial velocity ratio a r e  two param- 
e t e r s  exerting a controlling influence on stage configuration. 
of a rotor having defined inlet and outlet radii and a defined tip solidity, 
these two parameters  define stage energy addition. 
known, the equation for diffusion factor at the rotor tip may be resolved to 
give outlet absolute tangential velocity and, f rom this, energy addition. 

For  the case  

With these values 

The absolute tangential velocity a t  the rotor  exit is defined by the non- 
linear functional relationship : 

B 2 V e z  =-+C + DR2 + ER2 
R2 

where B, C ,  D, and E a r e  constant coefficients. To use this expression 
for  the radial  evaluation of tangential velocity, some arb i t ra ry  method of 
determining the coefficients must be adopted since only one boundary condi- 
tion (i. e . ,  a t  the tip) is known. It was decided to se t  values for the usually 
less prominent coefficients C, D, and E and compute a value for B. This 
decision w a s  influenced by the fact that assigning a value of zero to C, D, 
and E resul ts  in a free-vortex type velocity distribution. 

The program commences by defining conditions a t  the rotor inlet- 
hub-to-tip radius ratio, tip speed, tip axial velocity, and the absolute 
tangential velocity distribution. 
a t u r e  to be uniform radially, the axial velocity distribution is determined 
by integrating the radial  equilibrium equation. 
mined by integrating the flow derivative in the radial  direction. Having de- 
termined the axial velocity distribution at the rotor inlet, all other aerody- 
namic quantities may be readily calculated. 

Assuming stagnation pressure  and temper- 

The mass  flow is deter-  

To determine rotor outlet conditions, values must be assigned to the 
rotor  tip diffusion factor and tip axial velocity ratio. 
axial location of the rotor exit station an aspect ratio is required. 
pect ra t io  is interpreted as the result  of dividing the difference of the tip 
and hub radii  a t  the rotor inlet station by the axial projected distance between 
inlet and exit stations. 

Further ,  to define the 
This as- 

To account for  nonisentropic compression, a rotor efficiency is re- 
This is assumed constant radially. quired. 
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The rotor outlet conditions a r e  determined by a n  i terative procedure 
which commences by setting the exit hub and tip radii  equal to the inlet. 
F rom the rotor tip diffusion factor,  tip solidity, and axial  velocity ratio, 
the tip absolute tangential velocity is established and from this boundary 
condition, the tangential velocity distribution ac ross  the annulus may be 
established. 
calculated . 

The energy t ransfer  and stagnation p res su re  rise may now be 

Since a l l  the radial  variables in  the equilibrium equation are  now known, 

This 
this equation may be numerically integrated and, f rom the boundary condi- 
tion of a defined tip axial velocity, a constant of integration evaluated. 
results i n  a n  axial velocity distribution ac ross  the annulus a t  the rotor exit 
station. 
of flow with respect to radius may be established and integrated numerically 
to give the flow through the rotor  exit station. If this flow does not coin- 
cide with the rotor inlet flow, the hub radius is increased (or decreased) 
and the calculation repeated until convergence occurs.  

F rom the radial  distribution of axial velocity, the rate  of change 

Once the calculation converges on mass  flow, the rotor h i b  r amp  angle 
is calculated and checked against an  assigned limit. If the hub r amp  angle 
violates the assigned limit, the rotor exit hub radius is then se t  a t  a value 
for which the limit is attained and the rotor  exit tip radius reduced to the 
point which satisfies the flow requirements.  
rotor exit tip radius cause a violation of the assigned tip ramp angle limit, 
then the aspect ratio is reduced with hub and tip ramp angles set  a t  their  
assigned limits and the calculation is repeated until continuity of flow is ob- 
tained. 

Should the reduction of the 

Having satisfied r amp  angle tes ts  and continuity of flow, the program 
now tests the absolute Mach number and relative flow angle a t  the exit of the 
rotor  hub. If either of these parameters  (in this stated order )  violates i ts  
assigned limit, the program then reduces the rotor tip diffusion factor and 
repeats the calculation until these limit tes ts  are  satisfied. 

The calculation now proceeds to establish s ta tor  exit conditions. To 
determine the stator exit annulus, the coefficients in  a polynomial identical 
to the one defining absolute tangential velocity a t  the rotor  exit, Equation 
(4), a re  required. An overall  stage efficiency, stator hub solidity, tip axial 
velocity ratio, and aspect ratio a re  also required. 

The s ta tor  exit calculations commence s imilar  to those for the rotor by 
The hub and tip setting the exit hub and tip radius equal to the inlet values. 

r amp  angles are then tested in  the same order  as the rotor  and the aspect 
ratio relaxed i f  necessary to satisfy the geometric limits. 
signed geometric l imits have been satisfied, the s ta tor  hub diffusion factor 

When the as- 

8 



is checked against i ts  assigned limit. 
diffusion factor is reduced and the calculation repeated for the current stage. 

If this limit is violated, the rotor tip 

Whe’n a stage configuration, satisfying al l  limits, is achieved, the 
pressure  ratio and energy addition a r e  mass averaged to give stage perfor- 
mance. Successive Btages a r e  added until some predetermined limit in 
overall  pressure ratio is achieved. 
cannot be exceeded in a predetermined maximum number of stages, the 
calculation is terminated and the values calculated up to this point a r e  

If the limit in  overall pressure ratio 

I printed out. 

I The logic of the program is restricted to consider only tip radii  a t  
any station which is equal to o r  less  than the inlet blade tip radii. 
tip ramp angles cannot occur. 

Positive 

I A detailed description of the program logic development and additional 
program capabilities and limitations a r e  given in Reference 1. 
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ANALYTICAL APPROACH 

PARAMETRIC COMPRESSOR STUDY OBJECTIVES 

The objectives of this parametr ic  compressor  study, based on simple- 
radial-equilibrium with constant efficiency radially, are to (1) delineate the 
interrelating effects of the aerodynamic parameters  and independent param- 
e t e r s  on stage pressure  rat io  and overall  length, (2) re la te  the parameters  
with present state of the a r t ,  and (3)  indicate productive a r e a s  for com- 
pressor aerodynamic research  and development. The productive areas of 
research and development a r e  to be aimed a t  increasing average stage p res -  
s u r e  ratio capability and reducing length for  a multistage compressor .  

The aerodynamic parameters ,  which can be controlled by limiting 
values, are defined a s  s ta tor  hub Mach number, rotor  relative hub exit flow 
angle and stator hub diffusion factor. 
rotor  tip diffusion factor, axial inlet velocity, axial velocity ratio, poly- 
tropic stage efficiency, inlet hub-to-tip radius ratio,  hub r amp  angle, and 
tip ramp angle. 

Independent parameters  are tip speed, 

Because of the many parameters  involved and their  interdependence, i t  
is desirable to define an  a rea  of study which considers a reduced number of 
parameters that delineates the major effects. Additional a r eas  may then be 
considered to show the secondary effects. 
classes as follows: 

These a r e a s  a r e  divided into 

Class I. 
ing tip speed, axial inlet velocity, and rotor tip diffusion factors.  
Aerodynamic parameter limits were not imposed. 
pressor flow path represents  a maximum average stage pressure  for 
each rotor tip diffusion factor distribution, and the aerodynamic param- 
eters  w i l l  not be limiting. The resultant plots of average s tage p res -  
sure ratio versus tip speed show the effects of various levels of inde- 
pendent parameter limits and permit superposition of curves for se- 
lected values of aerodynamic parameter  limits. 

The objective of this c lass  is to determine the effect of vary- 

Hence, each com- 

Class 11. 
ing tip speed and rotor  axial  velocity ratio. 
ratio w a s  held constant a t  a value near unity. 
dynamic parameter limits w a s  imposed. 

The objective of this c lass  is to determine the effect of vary- 
The stage axial  velocity 

A single level of ae ro -  

Class 111. 
ing tip speed and rotor  inlet hub-to-tip radius ratio. Larger  values of 
hub and tip ramp angle limits were permitted to assess their  effect on 
the aerodynamic parameters  and compressor length. A single level of 
aerodynamic parameter  limits w a s  imposed. 

The objective of this c lass  is to determine the effect of vary- 
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METHOD OF ANALYSIS 

The method of approach used to accomplish the study objectives was to 
select  a compressor design application requiring an overall p ressure  ratio 
of 9. 0:l with an inlet tip radius of 12.0 in. Inlet guide vanes were not used 
in  this study and the flow has zero w h i r l  at the inlet of each rotor.  
compressor design was computed on the basis of free-vortex energy addi- 
tion and radially constant efficiency which results in a constant axial velo- 
city radially for the simple-radial-equilibrium calculation. 

Each 

Compressor flow paths were then computed for various combinations 

For Classes I1 and 111, stage energy addi- 
of independent parameters  while limiting the flow path ramp angles with 
hub and tip ramp angle limits. 
tion was also limited by imposing aerodynamic parameter limits. Stage 
energy addition is specified through the rotor tip diffusion factor, which is 
reduced i f  necessary by a specific level of aerodynamic parameter limit 
until that level of aerodynamic parameter limit was identically satisfied. 
Flow path geometry is specified through blade aspect ratio, which is re- 
duced i f  necessary when the tip ramp angle limit is exceeded. 
ratio was reduced until continuity was satisfied with the hub and tip ramp 
angle identically equal to their limit values. The tip ramp angle w a s  r e -  
duced f rom zero only a f te r  the hub ramp angle attained i t s  limit value. 

The aspect 

Throughout this study the input value of rotor  tip diffusion factor for 
each stage is described by a set  of three numbers ( D R T ~ ,  D R T ~ ,  D R T ~ - ~ )  

which a r e  defined as :  

* R T ~  f i r s t  stage rotor 

D R T ~  second stage rotor 

D R T ~ - ~  third to N'th stage rotor 

In general, these input values a r e  used a s  reference values in describing 
various resul ts ,  even though they may have been reduced. 

The range of independent variable input data for each compressor 
c lass  is summarized in Table I. 
common to a l l  c lasses  a r e  summarized in Table 11. 
V summarize the variable input data defining each compressor  case 
considered for the three classes .  

Input data that were not varied and a r e  
Tables I11 through 

The chord was assumed constant with radius, s o  that solidity var ies  
inversely with radius for a l l  blade rows. It w a s  convenient to express  
efficiency as polytropic stage efficiency, since then an assumed value could 
realistically be held constant for all stages of a compressor.  
to the stage efficiency value, it w a s  necessary to assume o r  develop an 

In addition 
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equivalent value for rotor polytropic efficiency, which reflected the absence 
of stator losses. An analysis of the effect of stator losses on efficiency for 
a variety of design conditions and pressure  ratios to 1 . 7  showed that a s -  
suming rotor polytropic efficiencies to be 0.02 point higher than stage 
values gave a good approximation for stator loss effects. 
pressure loss would be approximately constant for the range of variables 
of this study. 

The stator total 

Since the overall p ressure  ratio computed for each case was 9.O:l or 
greater,  it was necessary to fractionalize the last  stage in  each calcula- 
tion to obtain 9.0 to provide a common base for  weighing the average stage 
pressure ratio and comparing compressor length. 
last  stage w a s  done on the basis of energy addition and can be expressed as :  

The fractionalizing of the 

(TN) calc - (TN-l)calc 
-1 

calc 

Y -1  

jlps -1 

(5) 

The average stage pressure ratio and compressor length is then com- 
puted a s  follows: 

1 
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RESULTS AND DISCUSSION 

A complete summary of all the compressor performance and aerody- 
namic parameter  output resul ts  for  this parametric study a r e  given in  
Tables VI, VII, and VI11 for  Classes  I, 11, and 111, respectively. The 
various effects on stage p res su re  ratio,  compressor length, and state-of- 
the-art  technology of the aerodynamic parameters  a r e  discussed in  the 
following paragraphs. 

EFFECTS OF TIP SPEED AND ROTOR TIP DIFFUSION FACTOR 

The compressor  performance and aerodynamic parameter  resul ts  dis-  
The cussed here  are taken from the Class  I compressor data of Table VI. 

Class  I resul ts  a r e  distinct f rom Classes  I1 and I11 in that aerodynamic 
parameter  limits w e r e  not imposed. The input rotor tip diffusion factors 
w e r e  not reduced, therefore, and the aerodynamic parameters  and average 
stage p res su re  ratios obtained are at a maximum value for  each t ip speed 
and DRT within the analytical model. 

Average Staee P r e s s u r e  Ratio 

Typical resul ts  of average stage pressure ratio, as affected by var ia-  
tions in tip speed and variations in rotor tip diffusion factor, are shown in 
Figures  2 and 3,  respectively. Figure 2 shows that average stage pressure  
rat io  increases  with increasing tip speed with constant DRT, V,1 and 7 ps* 
Figure 3 shows that average stage pressure rat io  increases  with increasing 
rotor  tip diffusion factor a t  constant UT1, VZ1 and 'I ps. 

The average stage pressure  ratios indicated a t  the combinations of tip 
speeds and rotor  tip diffusion factor ievels considered, yield a significant 
increase above present production engine compressor average stage pres  - 
s u r e  ratios of about 1.4. 
sion factor will, of course, a l te r  other aerodynamic requirements such as 
s ta tor  Mach number and diffusion factor. This study evaluates the relative 
change of magnitude of the parameter .  However, no attempt wi l l  be made 
to evaluate the complexity of achieving advances in aerodynamic technology. 

Increase in either t ip speed o r  rotor tip diffu- 

Aerodynamic Parameters  and Relative Inlet Mach Number 

The maximum value of aerodynamic parameter o r  relative inlet Mach 
number, regardless  of the stage number f o r  which i t  occurs, can be ob- 
tained for  each Class  I compressor case.  In general, maximum values of 
rotor  relative inlet tip Mach number, rotor relative exit hub flow angle, 
and s ta tor  hub Mach number occurred in the f i r s t  stage and s ta tor  hub dif- 
fusion factor  in the third stage. 
stage number fo r  the Class I DRT of 0.  5, 0 .6 ,  and 0. 7 data illustrating the 
foregoing statement on maximum values at a given stage number a r e  shown 
in Figure 4.  

Typical plots of DSH, MSH and p ' 2 ~  versus 

A study of Tables VI through VI11 also shows this general  
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rule.  The maximum values obtained w e r e  found to cor re la te  and, there- 
fore ,  establish t rends and magnitudes. The correlated resul ts  (Figures 
5, 6, and 7) are shown superimposed on the p re s su re  rat io  versus  tip 
speed plot of Figure 2 .  

In the previous paragraph the t e r m  maximum value w a s  used to describe 
the level of rotor  relative exit hub flow angle. 
of definition, the relative flow angle decreases  toward zero and then to 
negative values as energy addition increases  with a l l  remaining variables 
constant. 
Fo r  simplicity of discussion, however, when taking the aerodynamic param- 
e te rs  a s  a group, the t e r m  maximum value wi l l  be used in  the sense that 
the actual flow angle value resul ts  in a maximum flow turning value a t  the 
rotor hub. 

Fo r  the conventional system 

Thus, the relative flow angle tends toward a minimum value. 

The rotor tip relative inlet Mach number is a function of only the tip 
speed for a fixed axial inlet velocity and zero tangential inlet whirl. Hence, 
the tip relative inlet Mach number values a r e  easily shown on a scale  
parallel to tip speed in Figures 5 through 7 which show the effect of UT1 and 
DRT on maximum values of MSH, P ~ H  and DSH. The data shown in Figures 
5 through 7 a r e  a lso typical of a l l  compressor  cases  studied. 

The significant result  shown in Figures 4, 5, and 7 a r e  that maximum 
stator  hub Mach number and stator hub diffusion factor a r e  essentially con- 
stant for a given rotor tip diffusion factor level (i. e . ,  independent of tip 
speed). The maximum rotor  relative hub exit flow angle is dependent on 
both UT1 and DRT. In addition, as shown by the 0" exit angle line on Figure 
6, i f  turning past the axial direction is to be prevented, a n  upper limit of 
DRT level exists for  each tip speed. 
tion can resul t  i n  a positive slope pressure  ratio versus  flow ra t e  charac-  
terist ic which is an  unstable condition in  that an  attempt to increase pres -  
s u r e  ratio leads to a flow decrease which further decreases  the pressure  
ratio capability. 

Turning the flow past the axial direc-  

Inlet guide vanes, although not considered in  this study, can be em- 
ployed to reduce the relative inlet Mach number level of the f i r s t  stage rotor.  
Assuming that the energy addition ac ross  the rotor  would be held constant 
a t  a given tip speed, the employment of inlet guide vanes would resul t  in 
greater rotor blade flow turning and higher diffusion factors.  Stator vane 
diffusion factors would also increase i f  s ta tor  outlet conditions are held the 
same a s  for the case  with no inlet guide vane turning. 
rotor  tip diffusion factor is unacceptable, either the energy addition must 
be reduced or  the inlet guide vane turning reduced. 

If the increase in  

In  summarizing, i f  only tip speeds are  increased to obtain higher 
average stage pressure  ratio,  only rotor relative inlet Mach number tech- 
nology need be advanced. If rotor  tip diffusion factor technology is 
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advanced, then MSH and DSH technology as  w e l l  a s  the degree of flow turn- 
ing past the axial direction must be considered. 

Stat e'- of - the - Art Ae r ody namic Techno logy 

For  such a study to be useful in indicating a reas  to' concentrate further 
research  efforts , the interreFt ions and interdependencies of MiT on UT1 , 
MSH and DSH on DRT, and 8 2 ~  on UT1 and DRT must be evaluated with re- 
spect to present state-of-the-art capabilities. 

To indicate the aerodynamic parameter and relative inlet Mach number 
advances required beyond present technology levels to increase the present 
average stage pressure  ratio capability, a state-of-the-art compressor 
aerodynamic technology must be defined. 
positive camber, the following values a r e  selected a s  representative. 

Fo r  double circular a r c  blades of 

N Fi r s t  stage rotor MiT  Z 1.20  and D RT1 = 0.40 

Fi r s t  stage stator M S H ~  0 .9  and DSH 1 ~ 0 . 4 5  

Mid stage rotor 
I N  

MnT < 1 . 0  and DRT 20.45 
n 

MSH, ZO. 9 and DSH Z 0.58 n Mid stage stator 

I Selection of a limiting value for 82H to prevent an unstable operating 
characterist ic depends upon the net flow turning past the axial direction be- 
hind each yotor and i ts  stagewise averaging effect. 
value of /32H is somewhat arbi t rary.  
axial in  the hub region is acceptable since the overall effect for the rotor 
depends on the average pressure along the radial  length. Fo r  purposes of 
discussion and calculation, a limiting value of -15' w a s  selected a s  repre-  
sentative. 

Therefore, a selected 
It is known that some turning past 

Based on the aforementioned state-of-the-art aerodynamic technology 
leve'ls, the rotor tip diffusion factor levels, comparable with the Class I 
compressor cases ,  would be about 0.3, 0 .4 ,  and 0.5. 
mum average stage pressure  ratio of 1.416 is found to be obtainable with 
the present aerodynamic technology a s  given in Figures 5, 6 ,  and 7. 
limiting parameter for this maximum stage pressure  ratio is found to be 
the relative inlet Mach number of 1 . 2  (UTI = 1140 f t /sec) .  
the-art  technology is shown a s  Case A i n  Table UZ. 

The resultant maxi- 

The 

This state-of- 

Effects of Advancements in Technology 

Average stage pressure ratio can be increased a t  this tip speed level 
of Case A by increasing DRT. Increasing rotor tip diffusion factor to 0. 5, 

15 



0. 6, and 0.7 and DSH to 0.68 resul ts  in  an  average stage p res su re  rat io  max 
of 1.  65, M s H ~ ~ ~  of 0.91, and p $ ~  = -15" (Case B, Table IX). Thus, no 

s ta tor  hub Mach number technology advance is required. Note also that the 
flow turning past the axial direction is becoming limiting and further ad- 
vances in DRT and DSH levels may not be desirable from the standpoint of 
unstable pressure  ratio-flow r a t e  constant speed characterist ic.  

By increasing tip speed to 1400 f t / s ec  a t  a 0.3, 0.4, and 0. 5 DRT level, 
an  average stage pressure  ratio of 1. 565 can  be obtained. 
requires only a relative inlet Mach number technology advance to about 
1.41 (Case C, Table E). 
M i T  of about 1 . 5 3 ,  would be required to obtain a n  average stage p res su re  
ratio of 1 .  65. 

This procedure 

A tip speed of about 1510 f t / sec ,  which yields an  

Combining the aforementioned technology advances of DRT, DSH, and 
The MiT would resul t  in an average stage p res su re  rat io  of about 1.885. 

maximum stator hub Mach number remains a t  the state-of-the-art tech- 
nology level, and the flow turning past the axial is not limiting (Case D, 
Table IX). 

In summarizing the foregoing discussion for the 600 ft /sec axial inlet 
velocity condition and the Class  I input data conditions, it has been shown 
that rotor tip and stator hub diffusion factors could be advanced to a 
specific level f rom present technology to increase stage pressure  rat io  
without advanced technology on stator hub Mach number and relative inlet 
Mach number. Similarly, relative inlet Mach number can be advanced to 
a very high level without advancing the aerodynamic parameters  a s  de- 
fined i n  the second paragraph in  the section Analytical Approach. At a 
point where the relative hub exit flow angle becomes limiting, aerodynamic 
advancement is required on al l  parameters .  
ratio obtainable is found to be about 1. 65 by advancing only the rotor tip 
and stator hub diffusion factor from present technology (Case B, Table IX). 
To obtain equal average stage pressure  ratio by advancing only relative 
inlet Mach number f rom present technology, a Mach number advance to' 
about 1.51  is required. Fo r  the rotor tip diffusion factors of 0. 5, 0.6, and 
0. 7, maximum stator  hub diffusion factor of 0. 68 and relative inlet tip Mach 
number to 1 . 4 2  (tip speed of 1400 f t / sec) ,  average stage p res su re  rat ios  of 
1. 9 can  be obtained. Based on these resul ts ,  it is not clear if a e r o d y h m i c  
advancement on diffusion factors o r  relative Mach number is prefer red  
s ince the measure of difficulty to obtain these achievements is not known. 
The advancement of both diffusion factors and tip speed aerodynamic capa- 
bilities should be pursued. It should be renoted that these limit parameters  
are based on simple radial  equilibrium and that inclusion of curvature and 
entropy t e rms  in  the solutions might change the absolute number but should 
not alter the trends appreciably. 

Average stage pressure  
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EFFECT OF AXIAL INLET VELOCITY LEVEL O N  STAGE PRESSURE 
RATIO AND THE AERODYNAMIC PARAMETERS 

Compressor case resul ts  from Class  I, Table VI, for identical input 
data, except for the 700 f t / s e c  inlet velocity, are shown plotted in Figures  
8 through 11. 
2 and 5 through 7, the effects of UT1 and DRT on average stage pressure 
ratio, MSH max' 

Figures 8 through 11 show, in an identical manner as Figures  

P '2Hmax and DSHmax* 

The higher axial inlet velocity is desirable primarily on the basis of 
increasing flow ra t e  per  unit frontal area. 
indicates that greater  average stage pressure ratios for a given UTI and 
DRT can  be obtained. 
inlet Mach number and rotor tip diffusion factor levels shows that es- 
sentially no gain in average stage pressure rat io  can be experienced in  going 
f rom 600 to  700 f t isec.  In addition, for the same values of M i T  and DRT, 
stator hub Mach numbers a r e  greater.  

A cursory study of Figure 8 

Additional study with respect  to equal rotor relative 

At the state-of-the-art technology level, the limiting aerodynamic 
technology parameter is the relative inlet Mach number of 1 . 2 .  
ing the 0.3,  0.4, and 0. 5 DRT curve in  Figures 8 through 11 to the 1080 
f t / sec  tip speed equivalent of M;T = 1.2, the average stage pressure  ratio 
obtainable is found to be about 1 . 4  1 (see Case E, Table IX). This average 
stage pressure  ratio value is equivalent to Case A of Table IX. The s ta tor  
hub Mach number for Case E is 0.78 as compared to 0.72 for Case A. 

Ektrapolat- 

As a second comparison for the 700 f t / sec  axial inlet velocity, Case 
F in Table IX shows that an  average stage pressure  ratio of about 1.915 can 
be obtained for  the M I T  = 1.42 and DRT of 0. 5, 0. 6 ,  and 0. 7. A com- 
parison witn Case I3 in  Table LX shows a gain of 0.03 points i n  average 
stage pressure  ratio but with a n  increased s ta tor  hub Mach number to I. 01. 
Case G in Table IX shows that holding to a maximum stator hub Mach num- 
ber  of 0.91 a t  M ~ T  of 1.42 results in a maximum average stage pressure  
ratio of 1. 77  a t  DRT of about 0.42, 0. 52, and 0. 62. 

1 

In summarizing the foregoing discussion for the 700 f t / sec  axial velocity 
condition and the Class  I input data, it has been shown that for a given tip 
speed and rotor tip diffusion factor level without consideration of aerodyna- 
mic parameter technology, significant increases in  average stage pressure  
ratio can be experienced. With consideration of equal aerodynamic tech- 
nology levels on DRT, D s H ~ ~ ~  and M ' ~ T ~ ~ ~ ,  the gains in average stage 
pressure  rat io  in going from 600 to 700 f t / s ec  are small. 
maximum stator hub Mach number is appreciably la rger  for  the higher axial 
inlet velocity. 

In addition, the 

In an actual compressor design, i t  may be possible to increase 
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the pressure ratio of the r e a r  stages by axial velocity increase without ex- 
ceeding aerodynamic parameter limits. An 11. 3'30 increase in equivalent 
flow per unit annulus a rea  can be realized, however, by increasing the axial 
velocity from 600 to 700 f t / sec .  

EFFECT OF TIP SPEED AND ROTOR TIP DIFFUSION FACTOR ON COM- 
PRESSOR LENGTH 

In brief review of the method of analysis, it wi l l  be recalled that each 
compressor case analyzed was initialized with aspect ratios of 4.0,  3. 5, 
and 2. 5 for the first ,  second, and third to N'th stage, respectively. These 
aspect ratios were reduced (and length increased) only when the tip and hub 
ramp angles exceeded their limiting values. The overall length results for 
the Class I compressor case  analyses a t  600 f t / sec  axial inlet velocity a r e  
shown in  Figure 12. The tip and hub ramp angle limits were -10" and +30", 
respectively, and the hub-to-tip radius ratio a t  the inlet to the f i r s t  rotor 
blade row was 0 .5  for these compressor cases .  

The overall compressor length decreases  with increasing tip speed and 
increasing rotor tip diffusion factor. It can be shown, however, that the 
average stage lengths for a l l  cases  a r e  approximately equal (i. e . ,  com- 
pressor length/number of stages). 
to the number of stages as affected by average stage pressure  ratio f o r  the 
overall pressure ratio of 9.O:l. 

Therefore, the length reduction is due 

An examination of the hub and tip ramp angles row by row a s  given in  
Table VI indicates that large hub and tip surface slope inflections occur. 
In an actual application, these surfaces would require smoothing by either 
a change in aspect ratio or axial velocity ratio. It is believed, however, 
that the general trend of the overall length resul ts  a r e  valid. 

With respect to axial inlet velocity effects, the increase from 600 to 
700 ft /sec wi l l  have negligible effect on the length results shown in Figure 12 .  
This is based on the fact that overall length w a s  primarily dependent on 
average stage pressure ratio. On the basis of comparison of avfrage stage 
pressure ratio with the 600 f t / sec  axial inlet velocity a t  equal M ~ T  and DRT 
levels, no significant change in  average stage pressure  ratio was found. 

EFFECTS OF OTHER INDEPENDENT PARAMETERS 

Po lyt r opic St age Ef fic i enc y 

The effect of polytropic stage efficiency on average stage pressure  ratio 
and the aerodynamic parameters is shown in Figure 13. 
taken from Table VI. 

These data were 
Figure 13 shows that for small  efficiency changes 
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there  is essentially no effect on the aerodynamic parameters  within the 
range of rotor  tip diffusion factor and tip speeds investigated. 
of efficiency on average stage pressure  ratio is dependent on the reference 
p res su re  ratio level in question. 
at D R T ~  = 0.3 and U T 1  = 1000 ftlsec and 4.770 at D R T ~  = 0.6 and UT1 = 

1400 f t / s e c  were obtained for  a stage polytropic efficiency change from 

The effect 

Stage pressure ratio increases  of 2.270 
I 

85 to 90%. 

&tor Axial Velocity Ratio 

Class  I1 compressor  cases  were computed for s imi la r  parametric con- 
ditions as in  Class  I, except for the addition of rotor  axial velocity ratio 
variations. The stator axial velocity ratio for each case  w a s  correspon- 
dingly varied to maintain a stage axial velocity ratio of unity. 
performance and aerodynamic data, summarized in  Table VII, is discussed 
in the following paragraphs. 

The overall 

Average Staae P r e s s u r e  Ratio 

The effects of rotor  axial velocity ratio on average stage pressure  ratio 
are shown in  Figures 14 and 15 for rotor tip diffusion factor sets of 0.35, 
0.4, and 0.45 and 0. 5, 0.6, and 0 .7 ,  respectively. It is shown in Figures 
14 and 15 that average stage p res su re  ratio increases  with rotor  axial 
velocity ratio. 
in  going f rom a rotor  axial velocity ratio of 0. 85 to 1.4 for a given DRT and 
uT1* 

An increase of about 1070 in p re s su re  ratio can be obtained 

Aerodvnamic Parameters  

Aerodynamic parameter  limits ( M s H ~ ~ ~  = 1.0  and @ b ~ ~ ~  = -10") were 
imposed on the Class  I1 compressor  design calculations. e se  limits re- 
sulted in  a reduction in  rotor  tip diffusion factor for some cases  (see Table 
VU). 
in  the rotor  axial velocity ratio was 1.4 and DRT was 0. 5, 0.6,  and 0 .7 .  
Fo r  these cases ,  the s ta tor  hub Mach number limit of 1 .0  reduced the tip 
diffusion factor and hence the stage pressure ratio significantly. This effect 
is shown clearly in  Figure 15a by the crossover of the 1.4 with the 1 . 2  axial 
velocity ra t io  curves and in  Figure 15b by the drop in  pressure  ratio a t  the 
1.4 axial  velocity ratio point. 

In general, the violations were not severe except for the cases  where- 

The increase of rotor  axial velocity ratio resul ts  in  a significant in- 
crease in  maximum stator  hub diffusion factor and s ta tor  hub Mach number 
at a given tip speed and rotor tip diffusion factor. 
increases  is shown in Figure 16. 

The magnitude of these 
The maximum rotor  hub exit relative 
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flow angle is not strongly affected by rotor axial velocity ratio with the 
variation being about 6" to 10' over the range of velocity ratios investigated 
(see Figure 15). 
a t  the 1.4 velocity ratio is due to the large negative stator hub ramp angle 
slope (see' Table VI). 

The trend toward negative relative hub exit flow angles 

Overall Compressor Length 

The overall length results a r e  shown in Figure 17. It was previously 
shown in Figure 1 2  that overall length is primarily dependent on the number 
of stages and, therefore, the average stage pressure  ratio. Since average 
stage pressure  ratio increased with increasing rotor axial velocity ratio, 
it would be expected that the overall length would decrease with increasing 
rotor axial velocity ratio. 

The overall length variation shown in  Figure 1 7  does not show this 
trend even though average stage pressure  ratio increased with increasing 
rotor  axial velocity ratio (see Figures 14b and 15b). 
ference in  trend is due to the large differences in rotor  and stator hub ramp 
angles as affected by the velocity ratio, that i s ,  smal l  rotor and large stator 
ramp angles for less  than unity rotor velocity ratio with a stage velocity 
ratio of unity. 
Table VII). 
the rotor hub ramp angles were large and the stator hub ramp angles smal l  
with some cases  being negative. 
w a s  to increase blade row chord by either decreasing aspect ra t io  when the 
hub ramp angle limits were met a t  greater  than unity velocity ratio or 
increasing annulus height when the ramp angle w a s  small  or negative a t  
l e s s  than unity velocity ratio. 

The cause of this dif- 

In some cases ,  the rotor ramp angle was negative (see 
Conversely, for rotor axial velocity ratios greater than unity, 

The net effect of the ramp angle variations 

The hub and tip ramp angles result  in large wall slope inflections for 
the 0.85rotor axial velocity ratio a t  low tip speeds and for the 1.4 rotor  . 

axial velocity ratio a t  the DRT of 0. 5, 0. 6,  and 0. 7 (see Table VII). In 
some of these cases ,  the hub ramp angles a r e  negative, resulting in  larger  
than average stage length. 
require 
propriate changes in aspect ratio. 
ing operation would most probably be to increase overall compressor 
length, since lowering the rotor axial velocity ra t io  results in reducing 
stage pressure  ratio with a given DRT and UTI. 

In an  actual application, the flow paths would 
smoothing by lowering rotor axial velocity ratios and making ap- 

The net effect for the wall contour smooth- 

Effects of Advancement in  Technology 

A study of the Class I1 data provides interesting resul ts  with respect to 
the effects of rotor axial velocity ratio and tip speed on the average stage 
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I -  pressure  ratio and aerodynamic parameters. 
tal compressor cases  have been selected. 
15b. 
spect to the previously described aerodynamic technology levels. 

To show these effects, typi- 
See Table X and Figures 14b and 

Selected Case No. 2068 represents a state-of-the-art design with r e -  
* 

Compressor Case 2068 with a DRT of 0.35, 0.4, and 0.45, UT1 = 
1200 ft/sec, and (Vzo/V,i)R = 1.0 yields an average stage pressure  ratio 
of 1.416. It has been noted previously that decreasing the rotor axial veloc- 
ity ratio while holding stage axial velocity ratio enables smoothing of the hub 
and tip w a l l  contours. 
in lowering of the average stage pressure ratio a t  constant DRT and UTI. 

Case 2080 shows that increasing tip speed to 1400 f t / s ec  at  a DRT of 
0.35, 0.4, and 0.45 and a rotor axial velocity ratio of 0. 85 will yield an  
average stage pressure  ratio of 1.511. The s ta tor  hub Mach number and 
diffusion factor levels have remained essentially constant with respect to 
Case 2068. To achieve this objective while maintaining stage efficiency, 
the relative inlet Mach number technology must be extended to 1.4 levels. 

This rotor axial velocity ratio reduction also resul ts  

To obtain the same average stage pressure ratio a s  for Case 2080 a t  
the 1200 f t / sec  tip speed, a rotor axial velocity ratio of 1.4 is required. 
This is shown in Table X a s  Case 2017 wherein the maximum values of DSH 
and MSH a r e  about 0.65 and 0. 98, respectively. Hence, a significant ad- 
vancement from the s ta te  of the a r t  is required for these two aerodynamic 
parameters  to realize the pressure  ratio gain a t  constant tip speed. Case 
2025 is shown to indicate the average stage pressure ratio level of 1.636 i f  
relative inlet Mach number, stator hub diffusion factor, and stator hub 
Mach number technologies were advanced to about 1.4, 0.65, and 0.98, re- 
spec tively. 

Rotor tip diffusion factor technology advances to 0. 5, 0.6, and 0. 7 and 
stator hub diffusion factor advances to 0.75 would yield average stage pres-  
sure ratios to about 1.80. 
viously a r e  shown in Table X to illustrate the identical rotor axial velocity 
ratio reduction effect for the higher rotor tip diffusion factor. 

Similar compressor cases  a s  discussed pre- 

The cases  discussed so far indicate that increases in  average stage 
pressure  ratio may be obtained by utilization of axial velocity ratios greater 
than unity across  the rotor blade row. This approach, however, wi l l  lead 
to ra ther  severe hub curvatures. Incorporation of these curvature effects 
in the design of a compressor may lead to more severe limitations on aero- 
dynamic parameters  than indicated by the simple methods of calculation 
used in this study. As stated previously, fairing of the hub shape to obtain 
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a smooth contour w i l l  resul t  in  axial velocity ra t ios  ac ross  the rotor  of less 
than one and axial velocity ratios ac ross  the s ta tor  grea te r  than one. 

Hub and Tip Ramp Angles 

Compressor design calculations w e r e  made to determine the effects of 
the ramp angles on the average stage pressure  ratio, aerodynamic param- 
e te rs ,  and overall length. 
Table VI11 and a r e  re fer red  to as Class  111. Input data a r e  identical to the 
unity axial velocity ratio calculations a t  DRT of 0.35, 0.4, and 0.45 of 
Class  11, except for hub and tip ramp angle limits of 40" and -20", respec-  
tively, in place of the 30" and -10". 

The resul ts  of these calculations are given in  

. 

Average Stage P res su re  Ratio 

The average stage pressure  ratio resul ts ,  presented in  Figure 18, show 
that pressure ratio is increased by 1 to 270 over the range of tip speeds in- 
vestigated. This is due to the la rger  rotor exit radi i  of each stage through 
larger  hub ramp angle limits. The larger  exit radi i  provide greater  work 
capability for a given DRT and UTI. 

Aerodynamic Parameters  

The effects of higher allowable ramp angle on the aerodynamic param- 
e t e r s  a r e  shown in Figure 18. 
e t e r s  is very small. The increase of ramp angle values, however, r e -  

The magnitude of the change in  these param- 

sulted in a slight increase in  MsH 

tially no change in  @' 
, a decrease  in  DSH 

max max 
, and essen-  

2Hmax' 
Commessor  Overall Length 

As shown in Figure 18, the increased ramp angle yields about an  8 to 
10% reduction in overall length over the range of tip speeds. 
average stage pressure  rat io  increase w a s  about 1 to 27'0 due to the la rger  
ramp angle, the decrease in  overall  length was due primarily to the s tage 
length decrease, the stage length being l e s s  as a resul t  of decreases  in an- 
nulus height for fixed values of aspect ratio. 

Since the 

Hub-to-Tip Radius Ratio 

Compressor design calculations of Class  111 were made also to deter-  
mine hub-to-tip radius ra t io  effect on average stage pressure  ratio, aero-  
dynamic variables, and overall  length. These resu l t s  a r e  summarized in  
Table VIII. Input data were identical to the previously described Class  111 
cases ,  except that inlet hub-to-tip radius ra t io  was varied to 0.4 and 0.6 
f rom 0. 5. 
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Average Stage P res su re  Ratio 

The average stage pressure  ratio is increased about 0 . 5  to 2.0% over 
the range of tip speeds investigated a t  a DRT of 0.35, 0.4, and 0.45 and 
an  increase in  rotor inlet hub-to-tip radius ratio f rom 0 .4  to 0. 6. 
resul ts  are shown in Figure 19. 
the increased pressure  ratio is a result  of grea te r  work capability due 
to higher rotor exit radii  for a given DRT and UTI .  

These 
As in the case  of higher hub r amp  angle, 

Aerodynamic Parameters  

As inlet hub-to-tip radius ratio increases with a l l  other parameters  
held constant, significant reductions a r e  obtained in  the maximum values of 
DSHj MSH , and SaH. See Figure 19 .  These reductions a r e  of the order  
of 2570 and 12'7'0 for  DSH and MSH, respectively, i n  going from a hub-to-tip 
radius ra t io  of 0.4 to 0. 6. Similarly, the maximum rotor  relative hub exit 
flow angle is reduced about 25", resulting in  25" less flow turning. 

The variation of the aerodynamic parameters is linear with hub-to-tip 
radius ra t io  in  the range investigated. 
point, the stator hub diffusion factor was limited to the 0. 5 value fo r  the 
1200 and 1400 f t / sec  tip speeds. 
cases  were  reduced from 0.35 to 0.334 and 0.331 for 1200 and 1400 f t / sec ,  
respectively . 

At the 0.4 hub-to-tip radius ratio 

Rotor tip diffusion factors for these two 

Compressor Overall Length 

Reductions in overall  length with increasing inlet hub-to- tip radius 
ratio are significant with all other variables held fixed. 
Overall length-radius ratio reductions a re  about 25% a t  1000 ft!sec tip 
speed and 3070at 1400 f t / sec  tip speed for a n  inlet hub-to-tip radius ratio 
change from 0.4 to 0.6.  Since the average stage pressure  ratio increase 
was only 0. 5 to 2. 070 with increasing hub-to-tip radius ratio, the pr imary 
effect that decreases  overall length-radius ra t io  is the smaller annulus 
heights which results in  a decrease in  stage length fo r  a set value of aspect 
ratio. . 

See Figure 20a. 

An increasing inlet hub-to-tip radius ratio, however, resul ts  in  a de- 
creased weight flow ra t e  for a given tip radius or a n  increased tip radius 
for the same weight flow rate.  
compressor  length i f  the same blade r o w  aspect ra t ios  are maintained. 
The effect of maintaining equal weight flow rate on compressor length is 
shown in Figure 20c where the inlet tip radii have been corrected for equal 
weight flow ra t e  for the 0. 5 hub-to-tip radius ratio condition (see Figure 
20b). Overall length reductions are  about 18'7'0 a t  1000 f t / sec  tip speed and 
2470 a t  1400 f t / sec  tip speed from a hub-to-tip radius ratio change from 0.4 
to 0. 6 a t  constant weight flow. 

The larger tip radius will lead to increased 
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SUMMARY OF RESULTS 

A parametric compressor study w a s  made on the basis of simple- 
radial-equilibrium compressor design philosophy with free-vortex energy 
addition, constant efficiency radially, zero tangential velocity a t  each rotor  
inlet, and stage axial velocity ratio of unity. Based on the study results 
for  a multistage compressor design of 9. 0: 1 pressure ratio and 12.0-in. 
inlet tip radius, the results a r e  summarized for average stage pressure 
ratio, overall length, and aerodynamic parameters.  

1. 

2.  

3 .  

4. 

5 .  

6. 

7. 

Significant gains in achieving higher average stage pressure  
ratio can be made by advancing rotor  tip and stator hub dif- 
fusion factor technology and employing this capability with 
state-of-the-art technology of relative inlet Mach number 
(i. e . ,  tip speed) and stator hub Mach number. 

Significant gains in achieving higher average stage pressure  
ratio can be made by advancing rotor relative inlet Mach 
number technology and employing this capability with state- 
of-the-art technology of rotor tip diffusion factor, stator hub 
diffusion factor, and stator hub Mach number. 

As rotor tip and stator hub diffusion factor technology are  in- 
creased to higher levels, a condition wi l l  be reached wherein 
state-of-the-art stator hub Mach number technology must a lso 
be advanced. 

As rotor tip and stator hub diffusion factor technology is in- 
creased to higher levels, a condition wi l l  be reached wherein 
rotor hub turning past the axis wi l l  become crit ical  for state- 
of-the-art tip speed. 
in  tip speed and relative Mach number technology. 

Further advances wi l l  require increases 

As rotor axial velocity ratio is increased while maintaining 
unity stage axial velocity ratio, s ta tor  hub diffusion factor and 
stator hub Mach number a r e  increased significantly while rotor 
hub turning is approximately constant. 

Compressor overall length is primarily dependent on the num- 
ber of stages and hence the average stage pressure ratio level 
for  a given oyerall pressure ratio. 

Compressor overall length can be significantly reduced by ad- 
vancing compressor design technology on radial flow effects as 
a result  of higher hub and tip ramp angles. 
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Table 11. 

Summary of input data f o r  all compressor  designs. 

Ratio of specific heats 

Specific heat a t  constant pressure 

Gas molecular weight 

Rotor inlet tip radius 

Tip blockage factor-each row 

Hub blockage factor-each row 

Aspect r a t  io f i r s t  stage - ini t ia 1 value 

Aspect ratio second stage-initial value 

Aspect ra t io  third to last  stage- 
initial value 

Rotor tip solidity-each stage 

Stator hub solidity-each stage 

Inlet total temperature 

Inlet total p ressure  

Maximum number of stages 

Minimum overall  p ressure  ratio 

Y = 1.4 

c = 0.24 BTU/lb,-OR 

M = 28. 97 lbm/mole 
P 

R T ~  = 12.0 in. 

8 "  = 1.0 (i. e. ,  zero blockage) 

8 ;  = 1 .0  (i. e . ,  zero blockage) 

T 

AR1 = 4.0 

AR2 = 3 . 5  

PI = 14.7 psia 

Nmax = 10 

(RcIOVmin = 9. 0 :  1 

27 



cd 
cd a 
3 a 

+ 

+ 

.,-I 

h 
2 
E 
E 
3 
v1 

$ 
J 

L 

28 



2 

a 
d 

0 

d + 

0 * m  
0 d d d 

- 0  z-  g W 

O O o m 0 0 m 0 0 m 0 0 m O o 0 0 0 m 0 o L o o o m o o m o o  

d d d d d d d d d d d d d d d d d d d d ~ d d d d ~ d o d d  I I I I I  

d 

? g  
o m  . .  
3 0  

0 0  
n~ a m  

S d  

29 



30 



31 



32 



33 



34 





Table VII. 

Summary of computed Class  I1 aerodynamic, 
performance, and geometric resul ts .  
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Table VII. (cont) 
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- 
Case 
No. 

3001 

PO02 
3003 
3004 

- 

3005 
3006 
3007 
3008 
3009 

301 1 
3012 
3013 
3014 

3010 

%% 
3017 
3018 
3019 
3020 
3021 
3022 
3023 
3024 
3025 

3027 
3028 
3029 
3030 
303 I 
3032 
3033 
3034 
3035 
3036 
3037 
3038 
3039 

3040 
3041 
3042 
3 0 4 3  
3044 
3045 
3046 
3047 
3048 
3049 

3051 
3052 
3053 
3054 

- 

m 

- 

- 

- 

- 

305a - 

- 

Limit 
BO. 

3 

DSH 
DSH 
DSH 

DSH 

I 

Table VIIX. 

Summary of computed Class 1x1 aerodynamic, 
performance, and geometric results.  

violation 

4-N 
q a v g  - 
1.316 

1.319 
1.332 
1 344 
I 338 
I 354 
1.369 
1.334 
1.347 
1.349 

1.380 
1.319 
1.334 
1.349 
1.356 
1 .369  
1.384 
1.416 
1 .432  
1.447 
1.435 
1.452 
1 .468  
1.422 
1.439 
1.454 
1.449 
1.466 
1.483 
1.425 
1.442 
1.459 
1 454 
1.478 
1.494 
1.511 
1. 530 
1.552 

1 .535  
1. 552 
1. 574 
1.533 
1. 552 

r 

m 

- 

- 

- 

- 

- 

- 

1.578 
1.594 
1.541 
1. 560 
1.580 
1 .571  
1.593 
1.614 

- 

2 

P 1 2 H  

B ' 2 H  
B'ZH 

MSH MSH 
MSH Msw 

W H  MSH 

j MSH 

MSH 
MSH 

M s l  

DSH 

DSH 
DSH 

MSH MSH 
MSH %H 
%H MSH 

%H 
MSH 
NlSH 
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Table VIII. (cont) 

~ 

Rotor tip ramp Stator tip ramp 
Rotor hub ramp angle (degrees) Stator hub ramp angle (deerecsJ angle (degrees) angle (degrees) 

b w e  NO. Jug w. stage No stage No - 
C..c 

I - N  N o . 1  2 3 4 5 6 1 8  1 2  3 4 5 8 7 8 1 2 3 - N  

27.0 
24.0 
25.0 

20.8 18.0 11.4 15.9 14.8 20.1 17.3 12.1 9.7 8.2 7.2 6.5 5.9 0 0 
20.6 18.8 17.3 15.9 14.8 18.4 15.5 11.2 9.3 7.9 7.0 6.4 5.7 0 
21.8 19.8 18.2 16.1 15.6 20.3 17.0 11.9 9.6 8.1 7.1 6.5 5.8 -0.12 
22.6 20.7 19.0 11.5 16.3 20.3 16.7 11.7 9.5 8.0 1.0 6.4 5.7 -1.9 
22.0 19.9 18.2 16.6 15.4 15.1 11.3 15.1 11.9 10.0 8.6 1 . 8  7.0 0 
23.1 20.9 19.1 17.4 16.2 15.2 17.4 14.8 11.1 9.8 8.5 7.7 6.9 0 

21.6 19.7 18.0 16.7 15.6 18.2 15.2 11.1 9.1 7.8 7.0 6.3 5.7 0 
22.6 20.6 18.8 17.5 16.3 17.5 15.1 10.9 9.0 7.8 7.0 6.2 5.6 -1.0 

' 

24.1 21.8 19.9 18.2 15.1 17.7 14.5 11.5 9.7 8.4 7.6 -0.33 

19.6 18.0 
20.5 18.8 

20.2 18.4 
21.1 19.3 
22.1 20.0 
22.9 20.9 
23.8 1.7 
23.1 20.8 
24.0 21.7 
24.8 12.6 

2.9 0.7 
23.8 21.6 
22.6 20.5 
23.5 21.3 
24.4 22.2 

.9 19.8 

+E 
18.0 
15.9 
16.7 
11.5 

17.0 
17.8 
18.3 
19.1 

19.0 

l-67 

- 

18.2 
19.1 
- 

Is;T 

14.8 
15.5 
16.3 

751a 

- 

3038 

16.6 
15.5 
15.4 
15.2 

18.1 
18.0 
20.4 

l r z  

-% 
15.1 
15.1 
15.4 
18.9 
18.5 
18.0 

- 

18.2 
13. 9 
13.8 
13.8 

16.2 
16. 1 
18.0 
17.5 
17.3 
18.3 
18.4 , 18.4 
16.2 
16.0 
15.8 

l37 

- 
- 

. . . . . . . 

-14.0 -5.0 
-15.5 -6.7 
-17.0 -8.2 

I I I I I I I  I 1 1 1 1  I I I I  1 
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Figure 1. Schematic presentation of symbols. 
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Figure 2. Effect of tip speed on average stage pressure ratio. 

44 



Rotor tip diffusion factor, DRT 
1 4576-3 

Figure 3. Effect of rotor tip diffusion factor on 
average stage pressure ratio. 
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Figure 4. Typical aerodynamic parameter variations 
with compressor stage number. 
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Figure 5. Effect of tip speed and rotor tip diffusion 
factor on maximum stator hub Mach number. 
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Figure 6. Effect of tip speed and rotor tip diffusion factor 
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Figure 9. Effect of tip speed and rotor tip diffusion factor 
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Figure 10. Effect of tip speed and rotor tip diffusion factor 
on maximum relative exit flow angle. 
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Figure 11. Effect of tip speed and rotor tip diffusion factor 
on maximum stator hub diffusion factor. 
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Figure 13. Effect of polytropic stage efficiency on average 
stage pressure ratio and aerodynamic parameters. 
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Figure 14a. Effect of tip speed and rotor axial velocity ratio 
on average stage pressure ratio. 
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Figure 14b. Effect of tip speed and rotor axial velocity ratio on 
average stage pressure ratio. 
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Figure 15b. Effect of tip speed and rotor axial velocity ratio 
on average stage pressure ratio for specified aerodynamic parameter 
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Figure 18. Effect of hub and tip ramp angle on average stage 
pressure ratio, overall length, and aerodynamic parameters. 
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pressure ratio and aerodynamic parameters. 
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